The effects of gamma radiation on the local structure of PVA membranes containing TiO 2 were investigated by ESR and XRD methods. An intense ESR signal is observed after irradiation at 16 KGy dose. This signal appears only for irradiated samples and it is associated with the breaking of the polymeric chain, followed by local reorganization of the polymeric segments and the apparition of the unpaired electrons and free radicals. The intensity of the signal decreases with the concentration of TiO 2 , indicating a shielding effect of the dopand. That the modification of local order of the polymeric chains has been modified after irradiation is confirmed by XRD method. 
Introduction
The development of systems with controlled release of medical drugs is currently of interest to the pharmaceutical industry. One of the solutions proposed for this purpose is the encapsulation or the introduction of the drug into a bio degradable or soluble matrix, [1, 2] . Polymers are preferred for this purpose because they have the capacity to form an elastic network which can include the medical drug in theirs pores or holes. The poly(vinyl alcohol) (PVA) is a hydrophilic polymer, with high bio compatibility, that can be easily crosslinked by different chemical or physical methods in order to obtain hydro gels or membranes suitable for carrying medical drugs. For example, * E-mail: mihai.todica@phys.ubbcluj.ro PVA crosslinked hydrogels obtained by repeated freezing/thawing methods were used for the controlled release of proteins charged in multilaminate membranes, [3, 4] . Hydrogels obtained by freeze-thaw cycling are used to introduce artificial cartilage for orthopedic implants, [5] .
Photo-crosslinked poly(vinyl alcohol) hydrogels containing different medical agents were used as the release vehicle for wound healing applications, [6] . PVA cryogels obtained by repeated freezing and melting were employed as matrices for cell immobilization, [7, 8] . Some crosslinked PVA gels have also been obtained by irradiation with specific doses of gamma radiation, [9, 10] . Furthermore, PVA gels offer the possibility of including in their structure certain inorganic compounds that can enhance the physical properties of the polymeric matrix, but which are biologically inert. For instance, the introduction of TiO 2 in to polymeric matrices enhances the viscoelastic properties of PVA hydrogels, [11] . The doped PVA mem-branes with TiO 2 are used in the photocatalytic degradation of ethanol, [12] , and cross linked PVA containing TiO 2 nanoparticles are used for humidity sensors, [13] . In medicine TiO 2 is introduced into the polymeric matrix in order to reduce the penetration of UV radiation, but also for its antimicrobial action, [14] [15] [16] [17] .
During the sterilization process or during the therapy these pharmaceutical systems are frequently submitted to gamma exposure. The effect of such high energy radiation on the polymeric support could be the breaking of the polymeric chains with the apparition of free radicals, and perturbation of the ordered domains of the polymeric matrix, [18] . The free radicals could have a negative effect on the health of the patient do to their capacity to interact with DNA structures, leading to the apparition of cancer cells. On the other hand, the modification of the crystallinity of the polymeric matrix affects the rigidity of the polymer and the capacity of spreading of the pharmaceutical product on the skin surface. Moreover, the delivery of the drug from the matrix is influenced by the crystallinity of the polymer. Preliminary works focused on hydrogels of PVA without dopants, and reported: the possibility of cross-linking this polymer by irradiation; the modification of the viscosity under irradiation; the effect of such radiation on polymers submerged in water; qualitatively modification of certain physical properties [19] . However, the structural modification of the system PVA -TiO 2 under gamma irradiation has yet to be fully investigated, and this represents the aim of our work. The most appropriate techniques for this study are Electronic Spin Resonance (ESR) and X-Ray Diffraction (XRD). ESR measurements can indicate the apparition of unpaired electrons and free radicals, and XRD can detect all modification of the crystallinity of the system, [20] .
Materials and methods
For our study we used pure PVA membranes, and PVA membranes containing different amounts of TiO 2 , 1%, 20% and 30%. Both kinds of sample were obtained from aqueous PVA gels. The gels were prepared by mixing the polymer with distilled water, at constant temperature 55
• C for three hours, until a homogeneous dispersion of polymer was obtained. Then the gel was displayed on glass plates and kept 24 hours in darkness at room temperature. The pure membranes were obtained directly from this gel by simple evaporation of water. The PVA-TiO 2 membranes were obtained from the aqueous gel in which the TiO 2 was introduced at the desired concentration. The mixture was stirred for four hours at room temperature and then displayed on glass plates and dried for 24 hours. The samples were analyzed in their original state and after gamma exposure. The gamma exposure was realized using a 60 Co source with radiation flux 5.6 Gy/h until the 16 KGy dose was accumulated. The X-ray diffraction was performed with a Brucker X-ray diffractometer with Cu Kα λ = 1.54 Å at 45 KV and 40 mA. The 2θ range of 10-120
• was recorded. ESR spectra were recorded at room temperature with a Brucker-Biospin EMX spectrometer operating at X-band (9 -10 GHz).
Results and discussion
PVA is one of the simplest polymers containing in its monomer only carbon, hydrogen and oxygen atoms (CH 2 CHOH). The connections between two adjacent monomer is realized trough the carbon covalent bonds of the backbone chain. The oxygen and hydrogen atoms are included in OH bending groups and don't participate to the connections between the monomers, but these atoms participate in the hydrogen bonds established between the bending groups OH of two neighboring chains, [21] . A detailed description of the behavior of the hydrogen bonds in the excited state, caused by the interaction of matter with radiation is presented in references [22, 23] .
Due to its high energy, the gamma radiation interacts with the electrons of the atoms inducing electronic excitation or even ionization of the atoms with the apparition of unpaired electrons. Occasionally these processes are accompanied by the breaking of chemical bonds and apparition of free radicals. For PVA molecules the most susceptible bonds that may be affected by gamma radiation are the connections between hydrogen and oxygen, and hydrogen and carbon. A possible mechanism for this is the breaking of the bond between hydrogen and oxygen of OH bending group with the delivery of the H + ion from this bond. The oxygen of this broken bond can form a double bond with its neighboring carbon only if this carbon breaks its covalent bond with the next monomers. The effect is the scission of the chain on the right side of the monomer, (Fig. 1a) . Another possibility is the breaking of the bond between the backbone carbon and OH group with the delivery of OH − ion. The carbon atom has the tendency to form a double bond with its neighboring carbon, but this is possible only if this carbon atom breaks its bond with the previous monomer. The result is the scission of the chain on the left side of the monomer, (Fig. 1b) . The ions H + and OH − can combine together to create water molecules. The final effect is the breaking of the backbone chain with the creation of double bonds C=C and C=O in the repeat unit and the apparition of water molecules [21] . The possibility also exist of a gamma photon breaking the bond between H and C atoms of H-C-OH group without other rearrangement of the chemical bonds inside the monomer, [24] . The effect in this case is the apparition free radical -(CH 2 -C-OH)-and H + ion, (Fig. 1c) . The existence of unpaired electrons and free radicals can be readily observed by ESR technique, [25, 26] . The effect of irradiation on pure PVA membranes is clearly shown by ESR spectra recorded before and after irradiation, (Fig. 2) . Before irradiation the sample gives a weak ESR signal, indicating the existence of a small quantity of unpaired electrons. After irradiation a strong signal without hyperfine structure appears at 3365 G (g = 2.02), associated with the presence of a great number of unpaired electrons. This signal is determined by the unpaired electron on the substrate 2p of the oxygen of the OH − ion resulting from the breaking of -C-O-H bonds, or the unpaired electrons of the free radicals produced by the mechanism presented above. Previous work reported by the authors showed the increase of the amplitude of this signal with the dose of radiation [27] . Similar ESR investigations were made on samples with TiO 2 . For these samples the quantity of TiO 2 is different but the quantity of PVA is the same, in order to have the same contribution of the polymer to the ESR signal for all the samples. As in the case of pure PVA, the samples give very weak ESR signals before irradiation. This means that the TiO 2 does not contribute to the ESR signal. After irradiation a strong signal appears at 3365 G with the same shape and characteristics as the signal of pure PVA, (Fig. 3) . The similarity between the ESR spectra of irradiated pure PVA and PVA-TiO 2 membranes suggests that the unpaired electrons appear only from the PVA monomers: the electronic structure of TiO 2 is not perturbed by irradiation. This behavior is observed for all the samples whatever the concentration of TiO 2 . At a given dose of radiation the amplitude of the ESR signal decreases progressively with the increase of the concentration of TiO 2 , (Fig. 3) . We can affirm that the number of unpaired electrons produced by a given dose of radiation is influenced by the concentration of TiO 2 . These nanoparticles behave like a shield against the gamma photons.
An important phenomenon observed is the relaxation of the ESR signal. After receiving the maximum dose 
D = 16
KGy the irradiation was stopped, the samples were kept in dark at room temperature, and the ESR spectra were recorded after 7 days of relaxation. We observed a reduction of the amplitude of the ESR signal after this period of time. For pure PVA this behavior has been reported previously, [27] . Similar behavior is observed for the samples with TiO 2 , but the effect is less pronounced especially at high concentration of TiO 2 . For instance for the sample with 1% TiO 2 the amplitude of the remaining ESR signal after 7 days of relaxation represents 64 % of its initial value, and for the sample with 30% TiO 2 the amplitude remains almost constant, (Fig. 4) . As presented previously a possible effect of gamma radiation is the breaking of the H-C-bonds with the formation of free radicals, or the breaking of the bending OH groups of PVA with the apparition of OH − and H + ions. These processes cease when the irradiation is stopped. The OH − and H + ions have the tendency to recombine giving rise to water molecules, so called free water [21] . The free radicals also have a tendency to recombine. This leads to a reduction in the concentration of unpaired electrons and thus a reduction in the amplitude of the ESR signal. However, this effect of recombination is affected by the presence of the TiO 2 , being less significant when the concentration of TiO 2 increases. A possible explanation for this phenomenon may be the reduction of the local mobility of the polymeric segments in the presence of TiO 2 , [28] . The migration and the possibility of recombination of OH − and H + ions or of the free radicals are diminished, which reduces the relaxation effect.
The potential breaking of polymeric chains by gamma radiation, and the modification of the local arrangement of polymeric segments, may be investigated by the XRD method. Usually the polymeric materials don't present any structural order, being known as amorphous materials, [29] . However in some cases, the peculiarities of the monomer allow the apparition of some ordered formations along the chain itself or between two neighboring chains, known as crystalline domains, [30] . For PVA the apparition of such structures is determined by the hydrogen bonds that may appear between the H and OH bending groups, [21] . These links allow the arrangement of different segments of the same chain in parallel structures, or the arrangement of entire regions of two different chains in parallel domains, [31] . Such ordered domains behave like the atomic planes of a rigid lattice of crystalline solid producing the diffraction of X rays. The unit cell of PVA is monoclinic with the parameters a = 7.81, b = 2.5, c = 5.51 Å, β=91.42
• and comprises two monomer units of vinyl alcohol, [32] .
The XRD diffractograms of pure PVA, before irradiation, show a broad signal between 10
• and 22
• , with three peaks, (Fig. 5) . From literature it is known that the crystalline phase of PVA produces maximum diffraction at 2θ = 19
• , corresponding to a mixture of planes (101) and (10-1), [21] . The enlargement of this peak is determined by the increase of the amorphous phase to the detriment of crystalline phases [29, 33] . This peak can be observed in our diffractograms at 2θ = 19.6
• , and confirms the significant presence of material in the crystalline phase. The other two peaks are observed at 2θ = 13.5
• and 16.3
• . These peaks have also been observed by other authors, [21, 34] . They are determined by the diffraction from (100) and (00-1) planes. Due to the broadening of the signal, the peaks at 2θ = 13.5
• and 16.3 • are superposed on the peak at 2θ = 19.6
• . They can be clearly separated by numerical simulation, (Fig. 5) . Here, each peak was represented by a Gaussian function centered on the corresponding diffraction angle, with the amplitude and the width as adjustable parameters. After simulation we obtained the amplitude of each peak as 49, 115 and 102 arbitrary units (in our system of reference), and the area under each peak as 38, 102 and 807 arbitrary units, corresponding to diffraction angles 2θ =13.5
• , 16.3
• and 19.6
• . The total area of the signal between 10
• is 947 arbitrary units. The area under each peak is proportional with the concentration of the corresponding crystalline phase. The percentages of these phases, relative to the total crystalline phase and for each diffraction angle, are 4%, 10.7% and 85.3%. These parameters were used to monitor the evolution of the system during the irradiation and relaxation processes.
After irradiation at D = 16 KGy dose, the diffraction signal remains broad in the angular domain, 10
• -22
• , but modifications of the amplitude of the three peaks appear. The peak amplitudes at 2θ =13.5
• increase to 66 and 150 arbitrary units respectively, and the amplitude of the peak at 19.6
• decreases to 62 arbitrary units, (Fig. 5 ). The relative changes in peak amplitudes, before and after irradiation, reveal that structural rearrangements take place. In the unit cell of PVA crystal the molecular chains are held together by the hydrogen bonds. Under gamma irradiation these bonds break and the polymeric segments are free to rotate. The rotation in the clockwise direction is more probable making the direction (001) richer in the number of atoms, [21] . Thus we can explain the modification of the intensity of these peaks. Quantitative evaluation of the crystallinity is given by the area of the peaks. The values of these areas, after irradiation, are 52, 133, 490, and the total area of the signal between 10
• is 675 arbitrary units. The percentages of the crystalline phases corresponding to each peak are 7.7%, 19.7% and 72.6%. The proportion of crystalline phase corresponding to the first two peaks, compared with the unirradiated sample, increases after irradiation to the detriment of the third peak. On the other hand the total area under the curves, between 10
• , after irradiation is smaller than before irradiation. This fact indicates not only a modification in the percentage of different crystalline phases of PVA, but a general reduction of the crystalline phase of the polymer.
The samples containing TiO 2 , before irradiation, exhibit the characteristic broad signal of PVA with three peaks at 2θ =13.5
• , and supplementary peaks characteristic of TiO 2 . We can observe a modification of the amplitude of the peaks of PVA when the concentration of TiO 2 increases, (Fig. 6a) . The amplitude of the peaks at 2θ =13.5
• is maximum for the sample with 1% TiO 2 , and decreases progressively for the samples with 20% and 30% TiO 2 . This evolution indicates a reduction of the diffraction on the planes (100) and (00-1) with the concentration of TiO 2 . The peak at 19.6 • is difficult to observe in empirical data because it is broad and of low amplitude relative to the two other peaks. For better observation of this peak, we extracted from the experimental data the values corresponding to the other two peaks and we represented only the remaining values. Now we can clearly see the peak at 19.6
• and we can watch its evolution with the concentration of TiO 2 , (Fig. 6b) . Its amplitude decreases progressively as the concentration of TiO 2 increases. That corresponds to a reduction in diffraction on the planes (101) and (10-1). Similar behavior was observed by Mallakpour et al. for PVA with 10% TiO 2 , [28] . Not only the amplitude, but also the area under the experimental curves between 10 0 and 22
• decreases progressively with the concentration of TiO 2 ; A=1418; 758; 538 arbitrary units for the concentrations 1%, 20% and 30%. The evolution of these parameters indicates a decrease of the crystallinity of the polymer when the concentration of TiO 2 increases.
Apart from the peaks of PVA these diffractograms contain distinctive peaks of TiO 2 . For instance at 1% TiO 2 concentration we can observe peaks at 2θ=25.2
• (corresponding to the 101 plane of anatase phase), 2θ = 27.4
• (corresponding to the 110 plane of rutil phases), and other peaks at 38
• , 64
• , 77
• , (Fig. 6b) , [35] . When the concentration TiO 2 increases, these peaks appear again, but supplementary peaks appear at 2θ= 46
• , 48
• , 54
• , 55
• and 63
• for samples with 20% and 30% TiO 2 , (Fig. 6b) . Analyzing the diffractograms of samples with TiO 2 we remark notable modifications only of the peaks of PVA and minor modifications on the TiO 2 spectrum. That means a reduction of the ordered phase and the increase of amorphous phase of the polymer when the concentration of TiO 2 increases, [33] . The TiO 2 nanoparticles dispersed in the polymeric matrix reduce the mobility of polymeric chains and prevent the organization of polymeric segments in local ordered structures. The amorphous phase of the polymer is dominant in membranes with TiO 2 .
For the irradiated samples, (D = 16 KGy), we can observe the characteristic peaks of TiO 2 without modification. Their position, shape and amplitudes remain unchanged before and after irradiation, indicating low effect of gamma photons on the structure of the TiO 2 . For the PVA the situation is subtly different. The broad signal observed before irradiation persists, but a modification of its amplitude occurs. Although the signal contains the • of PVA membranes with 1%, 20% and 30% TiO 2 before irradiation.
three peaks at 2θ =13.5
• , we retained for our observation only the peak at 19.6
• , this one being representative of the cristallinity of PVA. It was disclosed from the other three by the same method used previously for unirradiated doped samples. However we mention that the other two peaks follow the same evolution of amplitude as the third one. At low concentration of TiO 2 , i.e. 1%, the amplitude of the peak at 2θ =19.6
• signal decreases significantly after irradiation (from A = 135 arbitrary units to A = 70 arbitrary units, representing a decreases of about 48%), (Fig. 7) . The behavior of this sample is close to that of a pure membrane. The concentration of TiO 2 is too small to prevent major migration and reorganization of polymeric segments in ordered structures after the breaking of the chains induced by irradiation. The high dynamics of the polymeric chains facilitates the existence of amorphous phase of PVA, an effect that induces the broadening of the PVA signal. When the concentration of TiO 2 increases the amplitude of the diffraction signal of irradiated PVA membranes decreases again, but less significantly compared with the sample 1%. For the sample with the concentration 20% the amplitude of the signal of irradiated sample represents about 95% of the amplitude of the unirradiated one, (Fig. 8) . At higher concentration, i.e. 30%, the amplitude remains almost constant. This behavior accords with the ESR measurements and confirms the reduction of the probability of local organization of the polymeric segments in ordered structures in the presence of TiO 2 nanoparticles.
The XRD method was also used to observe the evolution of the local organization of polymeric chains after irradiation, during the relaxation process. The diffractograms of doped samples before and after relaxation are similar for characteristics set by TiO 2 , but contains some modifications in the domain of PVA's peaks. The characteristic peaks of TiO 2 are not affected by the irradiation or relaxation process, indicating a stable structure, but the amplitude of the peak at 2θ=19.6
• from PVA decreases after irradiation during the relaxation period. As demonstrated by ESR, the gamma irradiation produces breaking of the polymeric chains, followed by an increase in their mobility the system evolving into a less organized structure. This process continues during the relaxation period, leading the system towards more favorable energetic states and less structure. For example, after 7 days of relaxation the amplitude of the 2θ=19.6
• peak of PVA of the sample with 1% TiO 2 is smaller than its amplitude before relaxation, (Fig. 7) . Similar behavior is observed for all the concentrations of TiO 2 . However the amplitude of the 2θ=19.6
• peak of PVA decreases less significantly for the sample with 20% TiO 2 (Fig. 8) , and remains almost constant for the sample with 30%. Being hydrophilic and having high polarity the TiO 2 nanoparticles interact with the OH bending groups of PVA attracting them. Having high surface area, the nanoparticles have the tendency to be surrounded by many such groups belonging to different neighboring segments of the same chain or of different neighboring chains, [28] . The situation that appears in the doped polymeric system is in someway similar with that in the case of cross linking of the polymer with S or Si atoms. However the links with TiO 2 are weaker than the covalent bonds that appear in the case of vulcanization, but enough to reduce the mobility of the polymeric segments. In these conditions the migration and the local reorganization of the broken chains after irradiation and during the relaxation period is less probable at high concentrations of TiO 2 .
Conclusions
The behavior of pure PVA membranes and PVA membranes with TiO 2 before and after gamma irradiation was investigated by ESR and XRD techniques. ESR measurements reveal the apparition of unpaired electrons after irradiation, an effect associated with the breaking of chemical bonds, scission of the polymeric chains and apparition of free radicals. The effect is more intense for pure PVA membranes and decreases in intensity when the concentration of TiO 2 increases. This behavior suggests an effect of shielding against gamma radiations played by TiO 2 .
The breaking of chemical bond and scission of the chains are accompanied by modifications to the local organization of the polymeric segments. XRD measurements indicate the increase in the amorphous phase to the detriment of the crystalline phase of the PVA matrix during irradiation, but no modifications to the structure of the TiO 2 . The TiO 2 nanoparticles prevent the organization of polymeric chains in local ordered structures.
For the irradiated samples, a diminution of the amplitude of the ESR signal is observed after 7 days of relaxation. This effect is associated with a recombination process of unpaired electrons after irradiation. The effect is less significant for doped samples. However the recombination is followed only by a little modification of the crystallinity of the polymer during the relaxation process, as can be seen from XRD measurements.
Our investigations show the modification of the local structure of the polymeric matrix under gamma exposure, and the possibility of limiting this effect with the addition of TiO 2 nanoparticles.
